Purpose: Due to the emergence and spread of bacterial strains resistant to antibiotics, the development of new antimicrobials is imperative. The antimicrobial effect of the amniotic membrane (AM) has been explored to a limited extent so far. Materials and methods: We collected 12 biological samples of AM homogenates and tested their antimicrobial effect on 4 pathogens, including the clinical strain of uropathogenic Escherichia coli (UPEC), the wild-type strain of Staphylococcus aureus, and the wild-type strain and a clinical strain of Serratia marcescens. To quantify the antibacterial effect of AM, we monitored the effect of AM homogenate on bacterial growth using plate count method and agar diffusion method. Additionally, minimal inhibitory concentrations (MICs) for AM homogenate dilutions were determined and S. marcescens growth in AM homogenate alone was evaluated. Results: Our results demonstrated that AM homogenate had a bacteriostatic effect on studied UPEC and S. aureus. Interestingly, when used in lower concentrations, the AM homogenate had a bactericidal effect on both strains. In contrast, S. marcescens was completely resistant to the growth-inhibitory substances of AM homogenate. Its growth was slightly accelerated in liquid culture medium in the presence of AM homogenate and the strain was able to grow in undiluted, 2-fold and 4-fold diluted AM homogenate. Conclusion: Obtained results illustrated that AM homogenate could be a candidate for treatments and prevention of UPEC and S. aureus infections, but not that of S. marcescens, whose growth is enhanced by AM homogenate. Moreover, the established liquid culture medium assay can be used as a time-and cost-effective method for a personalized evaluation of drug effect on the growth of chosen bacterial strains with parallel testing of resistance or susceptibility to multiple drugs. The susceptibility of bacteria to AM homogenate in solid and liquid culture media is encouraging for its use in biomedical applications.
Introduction
In recent years, the emergence of antibiotic-resistant bacteria is becoming an impending problem, raising concerns about the currently established medical treatments. With the goal to find and develop new antibiotics, in 2017, the World Health Organization (WHO) published a list of 12 bacterial groups of so-called "priority pathogens" that due to ever-increasing antibiotic resistance present the highest threats to human health. In the Critical category, the WHO exposed some bacterial subgroups from the family Enterobacteriaceae, including species Escherichia coli and genus Serratia, while Staphylococcus aureus was listed in the category of High priority. 1 Human amniotic membrane (AM) is between 0.02 and 0.5 mm thick inner layer of the amniotic sac that encloses the amniotic cavity, in which embryo, and later fetus, is developing. Its characteristics, such as low immunogenicity, epithelization-inducing activity, angiogenic and anti-angiogenic activity, immunoregulatory and anti-inflammatory activity, proapoptotic activity and antimicrobial activity, all make it an excellent candidate for use in medicine. [2] [3] [4] AM has been utilized in medicine for some time [4] [5] [6] and antimicrobial activity of AM has been previously reported. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] However, due do the broad range of AM preparation techniques (e.g. AM patches, AM conditioned medium, AM extract) and various testing methods used, reported results are in some cases inconsistent and unclear. For example, the contradictory results of the effect of AM on the same species, mostly on E. coli [8] [9] [10] and S. aureus 7, 8, [12] [13] [14] [15] [16] are reported. The antimicrobial molecules of AM (e.g. peptides defensins, elafin, and secretory leucoprotease inhibitor) are part of the innate immune system and protect the embryo from bacterial, fungal and viral infections. 7, 10 The growth-inhibitory effect of AM has been demonstrated for strains belonging to over 10 different bacterial species. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] These results imply that the growth-inhibitory properties of AM affect a wide spectrum of bacteria and AM-based antimicrobial agent could be therefore used against many pathogens.
The aim of this study was to further our knowledge about the different effects of AM on several bacterial species, grown in liquid and on solid culture medium. Furthermore, we used taxonomically and physiologically diverse bacterial species that are all common human pathogens, namely uropathogenic E. coli (UPEC), S. aureus and S. marcescens.
Materials And Methods
All information about the materials and methods used in this study is available also in the Protocols.io database. 18 
Bacterial Strains
Escherichia coli DL94 is a wild type uropathogenic clinical strain (UPEC DL94), isolated from the urine of a patient with a urinary tract infection. Clinical strain of S. marcescens is a wild type strain, isolated from the urine of 
Antibiotics
To determine the resistance to common antibiotics, the overnight bacterial cultures were incubated with standard concentrations of tetracycline (10 μg/mL), gentamicin (15 μg/mL), chloramphenicol (25 μg/mL) and ciprofloxacin (1 μg/mL), and next day the turbidity was determined visually. Clear bacterial culture was observed when bacteria were sensitive to antibiotic and therefore did not grow.
Growth Conditions
Bacterial strains were kept on Mueller-Hinton agar (Formedium, Nutrient Agar, Hunstanton, Norfolk, United Kingdom; Biolife, Mueller Hinton Broth, Milan, Italy) at 4°C and were transferred to fresh agar plates monthly. Liquid cultures in Mueller-Hinton broth (Biolife, Mueller Hinton Broth, Milan, Italy) were grown overnight at 37°C with aeration (180 rpm). Before use, overnight cultures were diluted 500-fold and grown at 37°C on Mueller-Hinton agar or in Mueller-Hinton broth without shaking.
Amniotic Membrane Homogenate Preparation
The study on human AM was approved by the National Medical Ethics Committee of the Republic of Slovenia and obtained with written informed consent at the time of elective Caesarean sections from healthy volunteers. All volunteers were serologically negative for HIV, syphilis, and hepatitis B and C. Immediately after Caesarean section the human amniotic membrane (AM) was manually separated from chorion, washed with sterile phosphate buffered saline (PBS) and cut into approximately 3 cm × 3 cm-sized pieces. After measuring the volume of AM pieces and addition of sterile PBS (ratio 1:3), the AM pieces in PBS were homogenized with a homogenizer (300 W) for 3-4 mins. 17 The obtained homogenate was stored at -80°C up to two months. In this work, we refer to so-prepared AM homogenate as undiluted or H1. Before the use, we prepared a series of AM homogenate dilutions, with a 2-fold dilution step, so that H2 was 2-fold diluted in comparison with H1, and so on. The preparation of AM homogenate was carried out aseptically. All cryopreserved samples used in the experiments went only through one freeze-thaw cycle. We prepared homogenates of AMs that were not in contact with antibiotics at any point during the preparation process.
Enumeration Of Bacteria With Plate Count Method
The plate count method was used to estimate the concentration of viable bacteria in a sample. First, 100 μL of the sample was transferred into 900 μL of sterile saline solution (0.9% NaCl) and after mixing, further diluted until the concentration of viable bacteria was less than 10 bacteria per 1 mL. Samples were diluted between 10-fold and 10,000,000-fold, depending on the strain and incubation time of the sample. Then, 100 μL of several dilutions were plated onto Mueller-Hinton agar and incubated overnight at 37°C. The following day, we counted the number of bacterial colonies on Mueller-Hinton agar and calculated the colony-forming unit (CFU) per 1 mL of the sample.
Effect Of AM Homogenate On The Growth Of Bacteria In A Liquid Medium
The overnight bacterial culture (UPEC, S. aureus, or S. marcescens) was diluted 500-fold into fresh Mueller-Hinton broth and transferred to a 96-well microplate so that each well contained 100 μL of the diluted culture. Then to each well containing the diluted culture, 100 μL of either saline solution, PBS, gentamicin (final concentration 15 μg/ mL) in Mueller-Hinton broth, H1, H2 or H3 was added. The microplate was incubated without shaking at 37°C for seven hours and at the chosen time points the bacterial concentration was estimated by the plate count method. Results were obtained from at least 6 independent experiments, using 3 biological repeats of AM homogenate. Figure 1 shows a schematic protocol for the described experiment.
Effect Of AM Homogenate On The Growth Of Bacteria On Solid Agar
The overnight bacterial culture was spread on the Petri dish with Mueller-Hinton agar. After 10-20 mins, 5 μL and 10 μL of undiluted AM homogenate (H1) were applied at different spots (each volume three times). Gentamicin (15 μg/mL) was used as a positive control. The Petri dishes were incubated at 37°C overnight and the next day the zones of inhibited or reduced growth were measured. All antimicrobial efficiency assays were performed using at least three biological repeats of AM.
Determination Of Minimal Inhibitory Concentration (MIC) With Agar Dilution Method
The overnight bacterial culture was spread on the Petri dish with Mueller-Hinton agar. After 10-20 mins, 10 μL of different AM homogenate dilutions with 2-fold dilution step, ranging from undiluted (H1) to 256-fold diluted (H9), were applied at different spots. The Petri dishes were incubated at 37°C overnight and the next day the zones of inhibited or reduced growth were measured. Each strain was tested in three biological repeats. A schematic protocol is seen in the upper part of Figure 2 .
Determination Of MIC With Broth Dilution Method
The overnight bacterial culture was diluted 5×10 5 -fold into fresh Mueller-Hinton broth and transferred to a 96-well microplate so that each well contained 100 μL of the diluted culture. Then to each well containing the diluted culture, 100 μL of different AM homogenate dilution was added. The AM homogenate was diluted with 2-fold dilution step, ranging from undiluted (H1) to 256-fold diluted (H9). The microplate was incubated without shaking at 37°C overnight. Next day the bacterial concentration in each well was estimated by the plate count method and MIC for AM homogenate was determined for each bacterial strain. Results were obtained using three biological repeats of AM homogenate. The lower part of Figure 2 shows a schematic of the protocol.
Evaluation Of The Growth Of S. marcescens In AM Homogenate Dilutions
20 μL of a 10-fold diluted overnight culture of S. marcescens was transferred into 1 mL of either Mueller-Hinton broth, PBS, undiluted (H1), 2-fold diluted (H2) or 4-fold diluted (H3) AM homogenate in 1.5 mL Eppendorf tube. Immediately and after 7 hr incubation at 37°C a 100 μL was extracted and CFU/mL was determined. The results were obtained using 5 biological repeats of AM homogenate.
Statistical Analysis
The statistical program GraphPad Prism 7 (GraphPad, Software) was used to calculate the arithmetic mean, standard deviation and standard error of values of CFU/mL for bacterial growth curves, to evaluate the effect of AM homogenate on the growth of bacterial strains and to evaluate the growth of S. marcescens in AM homogenate dilutions. With one-way ANOVA it was determined whether the CFU/ mL of cultures with added substance (PBS, H1, H2, H3 or gentamicin) were statistically different (p<0.05) from those with added saline solution at all time points. The same test was also used to compare the growth of S. marcescens in Mueller-Hinton broth, H1, H2, H3, and PBS, by determining if CFU/mL before and after 7 hr incubation were statistically different for each pair of growth conditions. For all one-way ANOVA calculations, logarithmic values were used to lower the variance difference between samples.
Results
Out of four antibiotics tested, UPEC DL94 was resistant to tetracycline, S. aureus EXB V54 was resistant to chloramphenicol and showed partial resistance to ciprofloxacin and tetracycline, and S. marcescens EXB V15 was resistant to tetracycline and partially resistant to ciprofloxacin. All three strains were sensitive to gentamicin (15 μg/mL), which was therefore used as positive control in further experiments.
On the day of the experiment, we prepared three dilutions of AM homogenate (undiluted, 2-fold diluted, and 4fold diluted) and examined the effect of AM homogenate on the bacterial growth in liquid and on solid culture medium. In experiments employing the liquid culture medium in a 96-well plate, the growth of selected bacteria was followed by the plate count method for seven hours after the addition of the AM homogenate (dilutions). In parallel, as control, the bacterial growth of the selected strains in phosphate buffered saline (PBS), saline solution (0.9% NaCl) (as negative control) or broth with gentamicin (as positive control) was also followed.
All negative control growth curves adhered to the general growth curve phases (lag, exponential, stationary), but were distinctive among the three bacterial strains, due to physiological differences of strains ( Figure 3 ). As expected, the addition of antibiotic gentamicin quickly eliminated viable bacteria, with some differences in efficiency among the tested bacterial strains. Growth curves in experiments with added AM homogenate revealed that all of the used dilutions of AM homogenate prevented the growth of UPEC, as the number of viable bacteria remained roughly the same throughout the 7 hr incubation in these cases ( Figure 3A ). However, in the case of S. aureus, the CFU/mL (colony-forming units per 1 mL) values were gradually falling during the incubation. The most diluted AM homogenate had the strongest bactericidal effect on S. aureus ( Figure 3B ).
Unlike UPEC and S. aureus, S. marcescens not only showed complete resistance to all tested dilutions of AM homogenate but exhibited improved growth in its presence ( Figure 3C ). The bacterial strain had statistically significantly (p < 0.05) higher CFU/mL values between the third and fifth hour of incubation, suggesting that AM homogenate boosted the growth of bacteria in the exponential phase of the growth Supplementary Table 1 . Simultaneously, we tested the effect of AM homogenate on bacteria growing on solid growth medium with the agar diffusion method. Bacterial cultures were plated on solid agar medium, after which two different amounts of the AM homogenate were applied, the plates were incubated overnight and next day the resulting inhibition zones were examined and measured (Figure 4 ). Gentamicin (15 μg/mL) was used instead of AM homogenate as a positive control and the resulting zones of inhibition were visible in all cases ( Figure 4D, H and L) . The average diameters of zones of inhibition were similar for all tested strains. For 5 μL of gentamicin the diameters were 6.2±0.6 mm, 7.6 ±0.6 mm, and 6.3±0.7 mm for UPEC, S. aureus and S. marcescens, respectively; for 10 μL the diameters were 9.7 ±0.4 mm, 10.6±0.1 mm, and 9.6±0.4 mm for UPEC, S. aureus and S. marcescens, respectively. In agreement with results from experiments using liquid cultures, the inhibition zones for AM homogenates were the largest in the case of S. aureus strain (measuring 21±4 mm and 25 ±4 mm in diameter for 5 μL and 10 μL of AM homogenate, respectively; Figure 4E -G), followed by UPEC (measuring 7±3 mm and 10±3 mm in diameter for 5 μL and 10 μL of AM homogenate, respectively; Figure 4A -C), while S. marcescens was not affected by AM homogenate at all ( Figure 4I-K) .
To assess the growth-inhibitory efficiency of diluted AM homogenate, we determined MICs for each strain, using agar and broth dilution methods. The determined MICs varied among different AM homogenates and among bacterial strains, with S. aureus being the most susceptible to growth-inhibitory properties of AM homogenate, followed by UPEC. Intriguingly, the AM homogenate dilution that was most effective in inhibiting the growth of UPEC was not the undiluted homogenate (H1), but H5 and H6 (16-fold and 32-fold diluted AM homogenate, respectively). For S. aureus the growth inhibition by homogenate dilutions was comparable between H1 and further homogenate dilutions until MIC was reached. As expected, the growth of S. marcescens was not visibly affected by AM homogenates. There was a slight difference in determined MICs based on the method used (Table 1 ).
In the continuation of our work, we compared the growth of S. marcescens in AM homogenate dilutions along with its growth in Mueller-Hinton broth. The CFU/mL was determined before and after the bacterial culture was incubated for 7 hrs in either H1, H2, H3 or Mueller-Hinton broth, or in PBS as a negative control. After the incubation the highest CFU/mL was reached in Mueller-Hinton broth, followed by undiluted homogenate (H1), diluted homogenates H3 and H2, and finally PBS, in which bacteria also grew actively during the 7 hr incubation period ( Figure 5 ). There was no significant Figure 4 The effect of AM homogenate was tested with the agar diffusion method. First three images for each bacterial strain represent a different biological repeat, in which different AM homogenates were used, the last column is positive control. We applied three times of 5 μL (not marked) and 10 μL (marked with green stars) of undiluted AM homogenate or gentamicin (15 μg/mL, as a positive control) on Mueller-Hinton agar, plated with selected strains. In C, the green stars are located next to a place of application for better visibility. Clear areas of Mueller-Hinton agar are zones of inhibition. They vary in size due to the natural variability of AM homogenates. AM homogenate has inhibited the growth of UPEC (A-C) and the growth of S. aureus (E-G). The growth of S. marcescens was not affected by AM homogenate (I-K). Scale bars: 10 mm. Notes: The arrow in picture J marks a place of AM homogenate application that due to the structure and density of the homogenate appears absent of bacteria. Note that bacteria have grown over in these regions and these are therefore not the zones of inhibition. Table 2 ). From the results, it is evident that the growth of S. marcescens in undiluted AM homogenate is comparable to its growth in Mueller-Hinton broth and better than in diluted AM homogenates, in which it is still improved in comparison to PBS alone.
Discussion
Due to the emergence, spread and persistence of antibiotic resistant bacteria, the development of new antimicrobials is essential. Here we present new original results of the analysis of the antimicrobial effect of the AM and quantification of the growth of common pathogens, UPEC, S. aureus and S. marcescens in liquid and on solid culture medium with and without the addition of the AM homogenate. Additionally, MICs for AM homogenate have also been determined with two methods. Growth curves in experiments with added AM homogenate revealed that all the used dilutions of AM homogenate prevented the growth of UPEC, as the number of viable bacteria remained roughly the same throughout the 7 hr incubation in these cases ( Figure 3A) . However, in the case of S. aureus, the most diluted AM homogenate had the strongest bactericidal effect on bacterial growth ( Figure 3B ). A similar trend was observed for UPEC when determining MIC with broth dilution method, as diluted homogenate H5 or H6 inhibited bacterial growth more than less diluted AM homogenates. A possible explanation for this observation is the presence of multiple growth-inhibitory compounds in the AM homogenate, some of which have bacteriostatic and others bactericidal effect. While the AM homogenate is not too diluted, meaning that the concentration of bacteriostatic compounds is high enough to prevent the growth of bacteria, their number stays constant. When, however, the homogenate is highly diluted and thus the concentration of bacteriostatic compounds does not suffice for the complete prevention of cell growth, some of the cells divide and enable the bactericidal compound to affect them, consequentially lowering the total number of bacteria. Another possible explanation for the phenomena is the Eagle effect, in which the significantly higher amount of antibiotic than an optimal bactericidal concentration results in greater survival of bacteria. The mechanism behind this seemingly-paradoxical growth is various and poorly understood. 19 Currently, we can conclude that AM homogenate has a bacteriostatic effect on UPEC and S. aureus strains and a bactericidal effect on both strains when the homogenate is diluted enough, possibly by acting on the dividing cells. Higher antimicrobial activity of the diluted AM homogenate is also favorable in the prospect of decreasing any possible side effects of the homogenate when used in medicine as treatment, as less homogenate would be applied. Furthermore, it is encouraging that AM homogenate is effective against bacterial strains that show complete or partial resistance to some commonly used antibiotics, such as tetracycline, chloramphenicol and ciprofloxacin.
We confirmed the resistance of S. marcescens to the AM homogenate also with another clinically isolated S. marcescens strain ( Supplementary Figure 1) , indicating that the resistance is species-specific. We postulate that the S. marcescens resistance is mostly the consequence of natural structural components of bacteria, such as lipopolysaccharides with decreased permeability and high presence of efflux pumps that enable effective resistance to multiple antimicrobial compounds, mainly peptides. Moreover, Sandner-Miranda et al 20 have demonstrated the high prevalence of efflux pumps in S. marcescens strains. Namely, the pumps enable resistance to ethidium bromide, norfloxacin, tetracycline, erythromycin, and fluoroquinolones. Most of the genes for efflux pumps are located on the chromosome, suggesting a common and stable trait of the species. Moreover, the lipopolysaccharide (LPS) of Figure 5 The growth of S. marcescens was measured before and after 7 hrs of incubation in different conditions, Mueller-Hinton broth (S. marcescens), undiluted (S. marcescens + H1), 2-fold diluted (S. marcescens + H2), 4-fold diluted AM homogenate (S. marcescens + H3) and PBS alone (S. marcescens + PBS). The growth in undiluted AM homogenate is comparable to bacterial growth in Mueller-Hinton broth and it is significantly improved in contrast to diluted AM homogenates (H2 and H3), but which also stimulate bacterial growth more than PBS alone.
S. marcescens is naturally not very permeable for hydrophobic compounds and it can be further modified while in contact with some compounds, such as polymixin B, to which this species is intrinsically resistant. 21, 22 In addition, the transfer of hydrophilic compounds is limited by porin presence. The loss of porins can result in acquired resistance against a toxic compound while preserving the integrity of LPS, as is the case in the loss of porin OmpF that increases resistance against beta-lactams. 22, 23 Moreover, S. marcescens has exhibited improved growth in the presence of AM homogenate. The obtained growth curves of S. marcescens with AM homogenate show that this bacterial strain had statistically significant higher CFU/mL values between the third and fifth hour of incubation, suggesting that AM homogenate boosted the growth of bacteria in the exponential phase of the growth curve. Furthermore, in the continuation of our work, we affirmed that S. marcescens was able to grow more efficiently in the AM homogenate dilutions (H1-H3) than in PBS, and grew with similar efficiency in undiluted AM homogenate and in nutrientrich Mueller-Hinton broth. S. marcescens can grow in diverse environments and the wild type is usually able to grow in minimal medium without additional growth factors. 24 The bacteria express extracellular proteases and lipases through efficient secretion systems that enable it to utilize various nutrition sources. [25] [26] [27] We believe that these enzymes aid in the decomposition of AM, which in turn provides the bacteria with proteins, lipids and carbon hydrates that compose the AM.
Further, the type of bacterial cell wall seems to be important for the susceptibility of bacteria to AM homogenate. S. aureus is Gram-positive and its cell wall is more permeable than that of Gram-negative bacteria, such as E. coli or S. marcescens. 28, 29 Hence, S. aureus has an increased susceptibility in comparison to other tested strains, which our results also clearly demonstrated.
With agar dilution and broth dilution methods the MICs were determined for three biological samples of AM homogenates. On average, the MICs for S. aureus were lower, meaning more diluted AM homogenate inhibited bacterial growth, in comparison with UPEC. Unsurprisingly, S. marcescens was again resistant to growth inhibitory properties of AM homogenate. The results were similar with both methods. There was some deviation in diameters of inhibition zones when using AM homogenates obtained from different biological samples. For example, the MICs determined with broth diffusion methos for UPEC were ranging from H6 (32-fold diluted AM homogenate) to no inhibition even in undiluted AM homogenate (in this case the MIC was H3 with the agar diffusion method; Table 1 ). Furthermore, the inhibition zones of UPEC, where 5 μL of AM homogenate was applied, ranged from 2 mm to 20 mm. The observed deviations are most likely the result of natural variation in AM composition that might be affected by mother's age and gestation week of birth. We believe that all these variabilities can cause inconsistency in the literature concerning the antimicrobial properties of AM, therefore the standardization regarding the AM obtaining and preparation procedure would be beneficial.
Intriguingly, the zones of inhibition, caused by AM homogenate, were in some cases larger than those caused by a standard concentration of gentamicin (Figure 4 ). This, along with observed susceptibility of bacteria to AM homogenate in both, solid and liquid culture media, is encouraging for the use of AM homogenate in biomedical applications since bacterial infections can occur on solid surfaces or liquid environments and often at the interphase between the two.
We believe that with our approach of culturing a bacterial strain in liquid growth medium in a 96-well plate, its susceptibility to antimicrobials, such as AM homogenate, could be quickly assessed, and bring us one step closer to personalized medicine. The advantage of such approach of testing bacterial susceptibility to antimicrobials is the use of small volumes and a 96-well plate, which can be used for screening of multiple bacterial strains and compounds at the same time. Furthermore, if the tested compound does not interfere with spectrophotometric measurements, the method can be simplified by enumerating the bacteria with optical density measurements. The method is also fast, as the antimicrobial effect of compound or compounds can be evaluated in a matter of hours, in comparison to standard antibiogram tests, which is of crucial importance in some bacterial infections and would help determine the correct dosage of a compound and at the same time eliminate ineffective treatment choices.
Conclusions
The results of our study indicate that AM homogenate contains growth-inhibiting molecules, some of which have bacteriostatic activity on UPEC and S. aureus, while others have a bactericidal effect on the two strains. The structure of these molecules and the mechanisms of their action remains to be solved. The inhibition of growth was demonstrated in liquid and on solid culture medium and MICs were also determined. In both cases, S. marcescens proved to be completely resistant to growthinhibitory properties of AM homogenate and in fact flourished in its presence. It was also able to grow well in undiluted, 2-fold and 4-fold AM homogenate dilutions alone. Obtained results implicate that AM homogenate could be used in the treatment of infections that are caused by S. aureus or UPEC. Lastly, our approach with bacterial growth analysis could be used in personalized medicine for quick evaluation of bacterial susceptibility to antimicrobial compounds, such as AM homogenate.
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